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A B S T R A C T

In the present study, two different PLGA-Alginate scaffolds, a hydrogel (HY) and a solid sponge (SS), were
developed for β-estradiol and BMP-2 sustained delivery for bone regeneration in osteoporosis. β-Estradiol and
BMP-2 were encapsulated in PLGA and PLGA-Alginate microspheres respectively. Scaffolds were characterized
in vitro in terms of porosity, water uptake, release rate and HY rheological properties. BMP-2 release profiles
were also analysed in vivo. The bone regeneration induced by both HY and SS was evaluated using a critical-
sized bone defect in an osteoporotic (OP) rat model. Compared to HY, SS presented 30% higher porosity, more
than double water absorption capacity and almost negligible mass loss compared to the 40% of HY. Both systems
were flexible and fit well the defect shape, however, HY has the advantage of being injectable. Despite both
delivery systems had similar composition and release profile, bone repair was around 30% higher with SS than
with HY, possibly due to its longer residence time at the defect site. The incorporation of mesenchymal stem cells
obtained from OP rats did not result in any improvement or synergistic effect on bone repair.

1. Introduction

The regeneration of the bone mass lost by several causes such as
trauma, infections or surgery requires the contribution of three key
elements: scaffolds, cells and growth factors [1–3]. Scaffolds are porous
structures able to adapt to the bone defect acting as support and guide
for cell proliferation and differentiation with the help of signalling
molecules [4,5]. Therefore, scaffolds must also act as reservoirs for
growth factors involved in the cascade of cellular events that leads to
bone formation.

Clearly, the best bone graft is autologous bone, however, several
well-known disadvantages (invasive surgery, limited availability and
damage in the donor bone) have led to the search for alternative ap-
proaches [6]. The type of biomaterials used to develop scaffolds for
bone regeneration during the last decades is very wide. Taking into
account the scaffolds active role in bone regeneration as artificial ex-
tracellular matrix, different biodegradable and/or osteointegrable ma-
terials of diverse nature (phosphates, bio-glass, natural and synthetic
polymers) have been used to construct 3D-scaffolds. The design of these
scaffolds is based on fulfilling several characteristics to facilitate tissue

ingrowth, such as biocompatibility, porous structure with inter-
connected pores, permeability for blood perfusion, nutrients supply,
cell adhesion and differentiation [7]. Hydrogels suit these character-
istics, thus the development and preparation of biodegradable hydro-
gels for bone tissue engineering applications is currently of great in-
terest [8,9]. In addition, scaffold bioactivity is required to successfully
tackle critical size bone defect regeneration. One strategy to “activate”
scaffolds is their loading with growth factors such as bone morphoge-
netic proteins (BMPs). Particularly, BMP-2, which is involved in most of
the processes required for bone formation [1,6]. In fact, due to its os-
teogenic capacity rhBMP-2 is already marketed incorporated in a col-
lagen scaffold to locally treat some bone injuries [10]. The benefits of
rhBMP-2 have been already proven nevertheless, the risk of adverse
effects associated with the high dose required in the clinic and the in-
ability of the carrier to retain the protein in the defect, make necessary
the development of scaffolds with controlled release capacity for
greater efficacy and safety [10]. Injectability and adaptability to the
bone defect shape are among the most characteristic advantages of
hydrogels [8,9]. However, their weak mechanical properties and short
residence time in the defect could be a disadvantage depending on the
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type of bone lesion to be treated. Finally, their incapacity to regulate
growth factors release has led to the development of different strategies
to control drug release rate by increasing the drug binding to the hy-
drogel matrix [11–13] or combining hydrogels with sustained release
platforms [12–14]. We previously reported hydrogels composed of
poloxamine alone or combined with alginate or cyclodextrin containing
microspheres of different composition to control BMP-2 release. These
systems were tested in osteoporotic (OP) and non-OP rats, not obser-
ving significant differences in bone repair between both groups
[15–18]. However, the mineralization in OP groups was notably in-
ferior to that of non-OP groups [17,18]. Given that all bone repair
processes are impaired and bone healing time is delayed in OP [19–22],
to overcome the low mineralization observed in our previous study we
hypothesized a longer residence time of the scaffold in the defect and a
longer release of BMP-2 in OP is required.

In this study, a new alginate hydrogel system, crosslinked in two
steps and loaded with β-estradiol and BMP-2 within microspheres was
developed. Microspheres were elaborated from a combination of algi-
nate and polylactide-co-glycolide (PLGA) with different lactide to gly-
colide ratio and molecular weight (Mw). The hydrogel system was
compared with a solid sponge system with the same composition. The
goal is to keep similar some of the physical and chemical properties for
both systems such as composition, hydrophilicity/hydrophobicity,
water uptake, swelling behaviour and porosity and BMP-2 and β-es-
tradiol release rates. The main expected difference between both sys-
tems is the scaffold residence time in the critical size calvarial defect.
Therefore, two β-estradiol-BMP-2-Alginate-PLGA systems, hydrogel
(HY) and solid sponge (SS), were developed and in vitro characterized.
The induced bone regeneration by both systems was compared in a
critical size defect in OP rats alone or seeded with OP mesenchymal
stem cells (MSCs).

2. Materials and methods

2.1. Materials

The polylactide-co-glycolide 75:25 (PLGA 75:25, Resomer® RG 755
S) and 85:15 (PLGA 85:15, Resomer® RG 858 S) and the sodium algi-
nate (Protasan® UP MVG) were supplied by Evonic Industries
(Darmstadt, Germany) and Novamatrix (Biopolymer Systems,
Sandvika, Norway) respectively. 17-β-estradiol and recombinant
human bone morphogenetic protein 2 (rhBMP-2) were purchase from
Sigma-Aldrich (USA) and Biomedal Life Sciences (Sevilla, Spain) re-
spectively. rhBMP-2 was reconstituted at 1 mg/mL in 20 mM acetic acid
and 0.1% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, USA).
Poly(vinyl alcohol) (PVA, Mw 33,000-70,000; 87–90% hydrolysed) was
from Sigma-Aldrich, (St. Louis, USA) and CaCl2 from Merck (Darmstadt,
Germany).

2.2. Microsphere preparation and characterization

The alginate-PLGA microspheres of BMP-2 were prepared by mod-
ifying a previously described double emulsion (w/o/w) method
[23,24]. Briefly, an aqueous solution of 500 μL of rhBMP-2 (500 μg),
100 μL of 15% polyvinyl alcohol (PVA) and 300 μL of 6% sodium al-
ginate (w/v) was emulsified with 2 mL of a mixture of PLGA 75:25 and
PLGA 85:15 (4:1) methylene chloride solution (125 mg/mL, DCM) by
vortexing (position 10, Genie® Industries 2, Sciencies Industries Inc.
USA) for 1 min. Then, 5.2 mL of an aqueous solution of 2.5 mL of PVA
(10% w/v), 2.5 mL of NaCl (10% w/v) and 200 μL of CaCl2 (0.5 M) was
poured over the first emulsion and vortexed for 30 s (position 10). Fi-
nally, the organic solvent was evaporated in 100 mL of 0.25 M CaCl2
aqueous solution under constant magnetic stirring for 1.5 h.

The microspheres of β-estradiol were prepared by the solvent eva-
poration method. Briefly a mixture of β-estradiol (6 mg), PLGA 75:25
(160 mg) and PLGA 85:15 (40 mg) dissolved in 0.6 mL methanol:DCM

(20:80) solution was emulsified with 4 mL of 1% PVA aqueous solution
by vortexing for 1 min (position 10), poured into 100 mL of PVA
(0.15%) aqueous solution and left under magnetic stirring for 1 h
[17,18].

Both types of microspheres were collected by filtration (Supor®-450,
0.45 μm, 47 mm filters, Pall Corporation, Sigma-Aldrich, USA), lyo-
philized and conserved at 4 °C until use.

Some batches were prepared with 125I-BMP-2 as a tracer to de-
termine rhBMP-2 encapsulation efficiency and release assays. BMP-2
was labelled with 125INa (Perkin-Elmer) by the iodogen method [25], as
described [16]. The content of β-estradiol in the microspheres was
determined spectrophotometrically at λ = 280 nm, previous dissolu-
tion in a mix of MeOH:DCM (20:80).

Microspheres size distribution was determined by laser dif-
fractometry using a Mastersizer 2000 (Malvern Instruments, Malvern,
UK) and the morphology was observed by scanning electron micro-
scopy (SEM, Jeol JSM-6300, Tokio, Japan).

2.3. Fabrication and characterization of electrospinning film

The polymer film was fabricated by electrospinning a solution of
PLGA 75:25 and PLGA 85:15 at a ratio 4:1 and β-estradiol. Briefly, 7 mg
of β-estradiol, 240 mg of PLGA 75:25 and 60 mg of PLGA 85:15 dis-
solved in 2 mL of hexafluoroisopropanol (Sigma-Aldrich, USA) were
loaded into a Luer-lock syringe (Norm-Ject) with an 18-gauge needle
attached to a syringe pump (Harvard Apparatus, MA, USA). The elec-
trospinning process was carried out at a flow rate of 3 mL/h under
10 kV power supply and the collector rotating at 200 rpm located at
10 cm from the needle.

The film quality and fiber diameter were analysed using SEM (Jeol,
JSM-6300) images and the film thickness was measured by stereo mi-
croscopy (Leica M205C, Leica Las, v 3 software).

The porosity was calculated using Eq. (1), where ρapp and ρreal are
the apparent and real densities of the film, respectively,

= ×Porosity (%) 100real app

real (1)

The real density was measured in a helium pycnometer (AccuPyc
1330, Micromeritics, USA). While the real density was calculated by
dividing the mass by the geometric volume of the film
(length × width × height).

Water uptake and mass loss assays were carried out by samples
(3 × 3 cm) incubation in water (37 °C) under orbital agitation (25 rpm).
At specific times, three samples were withdrawn, the excess of water
removed, weighted and freeze-dried to record the dry weight. The
percentages of mass loss and water uptake were calculated applying
Eqs. (2) and (3), respectively. Where Wo was the initial weight of the
sample, Ww and Wd were the weights of the wet and dried sample re-
spectively, at the different times tested.

= ×Mass loss (%) (W W )
W

1000 d

0 (2)

= ×Water uptake (%) (W W )
W

100w d

d (3)

2.4. Systems preparation and characterization

2.4.1. Solid system
To prepare the alginate solid sponge system 15 mg of microspheres

were dispersed in 100 μL of 2% alginate aqueous solution and freeze-
dried. The alginate was then cross-linked by incubation with 100 μL of
1% CaCl2 during 3 min and washed with 100 μL of sterile MilliQ water
three times and freeze-dried. All the systems were stored at 4 °C until
use.
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2.4.2. Hydrogel system
To prepare the alginate hydrogel system 4.5% w/w sodium alginate

sterile aqueous solution was partially cross-linked by sufficient quantity
of a 1% w/w CaCl2 sterile aqueous solution to give final concentrations
of 4% w/w of sodium alginate and 0.12% w/w of CaCl2. Then, 15 mg of
microspheres were dispersed in the partially cross-linked hydrogel (PC-
HY). Afterward, it was cross-linked with 5% w/w CaCl2 sterile aqueous
solution (0.7 μL/μL of hydrogel).

The systems were characterized in terms of porosity, water uptake
and mass loss, as previously described for the polymer film (Eqs. (1), (2)
and (3)). Morphology and structural characteristics were observed by
SEM (Jeol JSM-6300). For hydrogel characterization, the system was
prepared in a graduated cylindrical mold and freeze-dried.

In addition, rheological characteristics of the PC-HY, freshly pre-
pared with and without microspheres, and after 4 h at rest (PC-
HY + 4 h), were obtained with a Bohlin CVOD 100 rheometer at 20 °C
and 37 °C by means of a Peltier system, using cone-plate and parallel
geometries with a diameter of the fixed lower plate of 60 mm and a gap
between the fixed and rotating part of 1 mm. The evolution of viscosity
with shear rate (from 0.071 to 30 s−1) was acquired by a cone-plate
geometry (diameter of cone 40 mm, angle 4°). The evolution of elastic
(G′) and viscous moduli (G″) with frequency (0.128 a 6.93 Hz) was
acquired by a parallel plate geometry (diameter of rotating upper plate
20 mm) at a constant shear stress of 0.2387 Pa.

The systems to be implanted were prepared under aseptic conditions
and all contained 6 μg of BMP-2 in microspheres. In addition, the solid
sponge systems were loaded with 300 μg of β-estradiol in microspheres
(SS-BMPβe). However, in the hydrogel system the dose of β-estradiol
was divided, 240 μg in microspheres dispersed in the hydrogel and
placed in between two electrospun films containing 60 μg of β-estradiol
forming an alginate hydrogel sandwich system (HY-BMPβe). Both sys-
tems, solid sponge and hydrogel, seeded with MSCs obtained from os-
teoporotic rats, SS-BMPβe-MSC and HY-BMPβe-MSC, were also im-
planted.

2.5. In vitro release assay

The rhBMP-2 in vitro release assays were carried out by incubating
(37 °C, 25 rpm orbital stirring) each system in sterile water (Milli-Q).
The amount of the 125I-BMP-2 released was calculated by measuring the
radioactivity of supernatant samples (Cobra® II, Packard).

The in vitro release assays of β-estradiol from free microspheres,
microspheres in the HY, microspheres in the SS and samples of the
electrospun films were carried out in three release media (37 °C, 25 rpm
orbital stirring), dimethyl sulfoxide (DMSO, Acofarma, Barcelona,
Spain):H2O (40:60), MeOH:H2O (50:50) and sodium lauryl sulphate
(SLS, Sigma-Aldrich, St. Louis, USA) in water (1% w/v).

2.6. Cells

Bone marrow rat MSCs were obtained as described [26] from femur
and tibiae bone marrow of 18 weeks-old female Sprague-Dawley rats
ovariectomized (OVX) 12 weeks before. Briefly, whole bone marrow
was pooled and resuspended in Dulbecco's Minimal Essential Medium
(DMEM) with 4.5 g/L glucose, supplemented with 20% fetal bovine
serum, 50 UI/mL penicillin, 50 μg/mL streptomycin, and 200 mM sta-
bilized L-glutamine, seeded on cell culture plastic, and incubated at
37 °C and 5% CO2. After 3 days, non-adhered cells were removed and
fresh medium was added. Confluent cells were detached and frozen.
Stock frozen MSCs were thawed, precultured for 3–4 d, and trypsin-
detached for scaffold loading. The SS-BMPβe-MSC and HY-BMPβe-MSC
systems were loaded with 5 × 105 MSCs in passage 2 suspension
(60 μL) approximately 20 min before implantation.

The 60 μL of the MSCs suspension were dropped on the solid sponge
or mixed with the microspheres in the hydrogel system. In previous in
vitro studies it was demonstrated that both the materials used and the

type of scaffolds are biocompatible with MSCs, allowing their adhesion
and viability [27,28].

2.7. Animals experiments

All animal experiments were carried out in conformity with the
European Directive (2010/63UE) on Care and Use of Animals in
Experimental Procedures. Furthermore, the animal protocols
(CEIBA2014-0128) were approved by the ethics committee for animal
care of the University of La Laguna. Animals were supplied by the
Central Animal House of the University of La Laguna.

2.7.1. Surgical procedures
30 female Sprague-Dawley rats, weighing 250–300 g, were used in

this study. Surgery was made under aseptic conditions. The experi-
mental osteoporosis was induced by bilateral ovariectomy (OVX) under
isoflurane anaesthesia, via dorsal approach. Three months post-OVX,
critical size (8 mm, ∅) calvarial defects were created surgically with a
trephine burr in the rats under isoflurane and the systems were placed
into the defects, as previously described [29]. Analgesia consisted in
buprenorphine administered subcutaneously (0.05 mg/kg) before sur-
gery and paracetamol (70 mg/100 mL) in the water for 3 days post-
surgery.

2.7.2. Animal groups
The 30 female rats pre-OVX were dividing in 6 groups of 5 rats each.

2 groups of 5 OP rats each were implanted with SS-125I-BMPβe and
HY-125I-BMPβe to determine the 125I-BMP-2 release kinetics. After
6 weeks the rats were sacrificed.

The other four groups were used to evaluate bone regeneration in-
duced by a combination of BMP-2 and β-estradiol with and without
MSCs in the two systems. 2 groups were implanted with the solid sys-
tems: SS-BMPβe (6 μg BMP-2 + 300 μg β-estradiol) and SS-BMPβe-MSC
(6 μg BMP-2 + 300 μg β-estradiol + 5 × 105 MSCs) and 2 groups were
implanted with the hydrogel system, HY-BMPβe and HY-BMPβe-MSC.
The animals were sacrificed at 12 weeks post-implantation, and defect
enclosing segments were resected from the calvaria.

2.7.3. 125I-BMP-2 release assay
In vivo 125I-BMP-2 release assay was carried out with a non-invasive

method as previously described and validated [30]. This method per-
mitted periodic assessment of the remaining 125I-BMP-2 at the defect
site using an external probe-type gamma counter (Captus®, Capintec
Inc.). Briefly, at each sampling time point, five 1-min readings were
taken at the 125I emission peak (27 keV) and the mean accepted as the
remaining radioactivity. The initial measure (time = 0) was considered
the administered dose (100%). After 6 weeks, when no measurable le-
vels of radioactivity remained, the rats (5 rats per group) were sacri-
ficed.

2.8. Histology and histomorphometrical evaluation

The samples were fixed (10% formalin solution) and decalcified in
Histofix® Decalcifier (Panreac) and prepared for histological analysis, as
previously described [31]. New bone formation and the presence of
adipose and connective tissue were identified by hematoxylin-ery-
throsin staining, based on their different morphological characteristics.
The degree of new bone mineralization was assessed with VOF tri-
chrome stain, in which red staining indicates advanced mineralization,
whereas less mineralized, newly formed bone stains blue [32]. Sections
were analysed by light microscopy (LEICA DM 4000B). Computer based
image analysis software (LeicaQ-win V3 Pro-image analysis system,
Barcelona, Spain) was used to evaluate histomorphometrically all sec-
tions per specimen. A region of interest (ROI) for quantitative evalua-
tion of new bone formation and adipose and connective tissue presence,
was defined as the area of the tissue within the defect. The ROI
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consisted of a circular region of 50 mm2, the center of which coincided
with that of the defect site. New bone formation was expressed as a
percentage of repair, applying the equation,

= ×%repair new bone area
original defect area within the ROI

100

Similarly, the percentage of adipose or connective tissue was ob-
tained from the ratio between the area occupied by each specific tissue
and the area of the original defect.

Statistical analyses were performed using SPSS 18.0 software. One-
way analysis of variance (ANOVA) and a Tukey multiple comparison
post-test were used to compare the overall performance of the different
groups. Results are expressed as mean ± standard deviation.
Significance was set at p < 0.05.

3. Results

3.1. Scaffolds characterization

The mean volume diameters of the microspheres of alginate-PLGA
containing BMP-2 and PLGA microspheres with β-estradiol were
64.0 μm (10% < 14.8 μm; 90% < 111.6 μm) and 171.4 μm
(10% < 46.2 μm; 90% < 286.0 μm) respectively. The encapsulation
efficiency was 71% and 99% for the BMP-2 and β-estradiol, respec-
tively.

Scaffolds were prepared by dispersing a mixture of the above mi-
crospheres in an alginate aqueous solution from which a final pre-
sentation of solid sponge or hydrogel was set. The SS scaffold presented
a higher porosity (89.4 ± 1.8%) than the freeze-dried HY system
(63 ± 2.2%) (Fig. 1 a, b). For in vivo administration the HY was as-
sembled between two electrospun membranes (Fig. 1 c). The char-
acteristics of the film were: 63.4 ± 4.3 μm of thickness, microfiber
diameter of 1.2 ± 0.26 μm and 71.4 ± 4.1% of porosity (Fig. 1 c).

Fig. 1. Scanning electron microscope images of alginate solid sponge (a) and cross-linked hydrogel (b) containing BMP-2 and β-estradiol microspheres as well as the
PLGA electrospinning film (c) containing β-estradiol. Water uptake (d) and mass loss (e) of the above systems during incubation in water at 37 °C under orbital
agitation (25 rpm).

Fig. 2. Evolution of the viscosity with shear rate at 20 °C and 37 °C, of pure
alginate aqueous solution (4% w/w) and partially cross-linked hydrogel (4% w/
w alginate and 0.12% w/w of CaCl2) freshly prepared (PC-HY) and after 4 h at
rest (PC-HY + 4 h). In the upper right part of the figure is shown the change in
viscosity of the PC-HY with the inclusion of microspheres. The curve direction
(forward and backward) is indicated by arrows.
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The incubation of the systems in water at 37 °C, showed that most of
the water uptake (Fig. 1 d) and mass loss (Fig. 1 e) occurred during the
first days but in a different ratio depending on the system. The SS water
uptake was more than double (500%) of that showed by the HY (200%)
or the film (150%). On the other hand, the HY suffered a very important
mass loss (40%) compared with that detected in the other two systems
(6%).

3.2. Viscoelastic behaviour of hydrogel

Viscoelastic behaviour of partially cross-linked alginate hydrogel
freshly prepared (PC-HY) as well as after 4 h at rest or containing mi-
crospheres were analysed.

All the samples evaluated showed a progressive viscosity decrease
with the shear rate (Fig. 2), characteristic of a pseudo-plastic material.
However, the viscosity curves with the increase (forward curve) and
decrease (backward curve) of the shear rate in the freshly prepared PC-
HY and after 4 h at rest, do not overlap, which reveals a thixotropic
behaviour that was more evident at 20 °C than at 37 °C, according to a
smaller hysteresis loop area recorded at this latter temperature. The

area of the hysteresis loop characterizes the energy associated with the
sol-gel transition and the time for the material reorganization, hence
the greater the area, the longer the time for recover its initial state after
of stress [33]. The 4% w/w aqueous solution of alginate showed no
thixotropic behaviour (Fig. 2).

The viscosity values of the freshly prepared PC-HY and after 4 h at
rest or containing microspheres, were markedly superior to those of the
alginate solution (4% w/w), especially at low shear rates (Fig. 2). In all
the analysed samples, the viscosity was lower at 37 °C than at 20 °C.
(Fig. 2).

For the different samples, the evolution of elastic (G′) and viscous
moduli (G″) with the frequency (Fig. 3) confirms the above results. The
highest G′ and G″ values were found in the PC-HY containing micro-
spheres, followed by PC-HY after 4 h at rest and freshly prepared, the
lowest values being obtained with the alginate aqueous solution (4% w/
w). The alginate solution (4% w/w) showed a viscous behaviour, as
indicated by G″ values being higher than those of G′ throughout the
studied frequency range, while in PC-HY systems an evolution towards
more elastic behaviour was observed. Thus, the freshly prepared PC-HY
presented similar values of both G′ and G″ moduli, after 4 h at rest those
values had separated resulting in an elastic module higher than the
viscous module. The inclusion of the microspheres further increases this
difference between the elastic and the viscous moduli due to a greater
predominance of solid-like behaviour in the system.

3.3. 125I-BMP-2 and β-estradiol release profiles

The in vivo release profiles of BMP-2 from SS-125I-BMP and HY-125I-
BMP were similar, during the first 24 h approximately 20% of the dose,
equivalent to 1,2 μg of the BMP-2, was released (Fig. 4). At 6 weeks, the
percentage of BMP-2 released was about 43–48%. However, the in vitro
125I-BMP-2 release profiles were faster than in vivo. Around 15–20%
was released in the first day reaching the 57–60% released at 6 weeks. A
similar in vitro release profile (Fig. 4) was obtained from the micro-
spheres alone dispersed in the medium, which indicates that the release
profile of BMP-2 from both systems, SS and HY, is governed by the
microspheres.

The β-estradiol release profiles were similar in the different media
used although the percentages delivered were higher (87–100%) in
MeOH:water, than in the more polar media, DMSO or SLS in water,
(14–25% from microspheres and 67–78% from the film) (Fig. 5).

Fig. 3. Viscoelastic behaviour at 20 °C and 37 °C, of pure alginate aqueous so-
lution (4% w/w) and partially cross-linked hydrogel (4% w/w alginate and
0.12% w/w of CaCl2) freshly prepared (PC-HY) and after 4 h at rest (PC-
HY + 4 h). Behaviour of PC-HY with the inclusion of microspheres (PC-
HY + μS) at 37 °C is also shown.

Fig. 4. BMP-2 in vitro and in vivo release assays. Release profile of 125I-BMP-2
from alginate-PLGA microspheres alone and included in the hydrogel (HY-
BMPβe) and solid sponge (SS-BMPβe) systems in water at 37 °C (n= 3) and
after implantation in the rat calvarial defect (n= 5).
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Therefore, the β-estradiol released was medium dependent. Regardless
of medium used, β-estradiol was released faster from the films (Fig. 5 d)
than from the SS and HY scaffolds (Fig. 5 b, c) being, in these last two
cases, quite similar to that obtained from microspheres alone (Fig. 5 a).
Thus, in MeOH:water, 84% was released in the first day from the film
with no further release in the next 4 weeks while, from SS or HY,
around 46% was released in the first day, reaching approximately 80%
in a week and finally, almost 100% in 4 weeks. Compared with the
microspheres, the β-estradiol release rate was slightly reduced during
the first days by the incorporation in the SS or the HY.

3.4. Histological and histomorphometrical evaluation

Visual inspection of the SS and HY systems 12 weeks post-im-
plantation, showed a different degree of filling of the defect, being
higher in the groups implanted with the SS scaffold.

The macroscopic analysis of the calvaria showed that in groups
implanted with the SS, the defect appeared completely filled with a
tissue of homogeneous aspect similar to the adjacent normal bone
(Fig. 6 a). This was observed both in the groups treated with BMPβe and
in those treated with BMPβe + MSCs. The histological analysis con-
firmed the new bone formation. In all these experimental groups, the
repair was observed not only in the margins but also inside the defect
(Fig. 6 c, e). However, a more detailed analysis showed that the re-
paired bone presented a somewhat fragmented appearance, with areas
of bone surrounded by connective tissue and the presence of adipose
tissue between both of them (Fig. 6 g).

In the animals implanted with the HY, the macroscopic analysis of
the calvaria allowed to observe clearly the morphology of the defect,
filled with a tissue of semi-transparent hyaline appearance (Fig. 6 b).
The histological analysis confirmed these results, the new bone for-
mation in these animals being lower than that observed with the SS
scaffold (Fig. 6 d, f). The repair in this case was mainly limited to the
margins of the defect (Fig. 6 d, f). The repaired bone also showed a

fragmented appearance, with a higher abundance of adipose tissue and
numerous spaces of variable size that were sometimes occupied by what
appeared to be remains of scaffold material (Fig. 6 h, i).

The qualitative histological results were confirmed by histomor-
phometrical analysis of the samples. A higher percentage of repair,
between 74% in the group treated with BMPβe + MSC and 79% in that
with BMPβe alone, was found in the animals implanted with the SS
compared with those implanted with the HY, which ranged between
40% for the group treated with BMPβe + MSC and 50% in the group
with BMPβe alone (Fig. 7 a). In fact, significant differences were found
between the implanted systems, SS and HY, although no differences
were observed between the applied treatments, with or without MSCs.
On the other hand, in all animal groups, the proportion of mature bone,
with a high degree of mineralization, was greater than the immature
bone, independently of the treatment and the implanted system (Fig. 7
b). The mature bone to the immature bone ratios ranged between 1.42
and 1.67, the animals implanted with the HY presenting the lower
values. Nevertheless, the statistical analysis of the data did not show
significant differences neither between treatments nor between the
implanted system type (Fig. 7 b).

The analysis of adipose and connective tissues in the area of the
defect, revealed the existence of slightly higher amounts of adipose
(22% and 17% with HY and SS respectively) than of connective tissue
(18% and 10% with HY and SS respectively), being the percentages of
both tissues higher with the HY systems than with the SS systems.
Consequently, the ratio of adipose or connective tissue to bone present
in the defect area (Fig. 7 c) were significantly higher in the HY im-
planted systems compared with the SS systems for both tissues. Dif-
ferences due to the treatment with BMPβe or BMPβe + MSC were not
found in any case.

4. Discussion

The present study evaluates the permanence time effect of BMP-2
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Fig. 5. Release profiles of β-estradiol from PLGA
microspheres alone (PLGA μS) and included in the
solid sponge (SS-BMPβe) or hydrogel (HY-BMPβe)
systems as well as from the electrospinning film, at
37 °C, in three different release media: methanol:-
water (50:50), dimethyl sulfoxide:water (40:60) and
sodium lauryl sulphate 1% in water. (n= 3).
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and β-estradiol systems with and without MSCs, in an OP rats critical
size bone defect regeneration. Since bone regeneration is slower in OP
animals than in non-OP, the system permanency in the defect and the
maintenance of local therapeutic concentrations of BMP-2 and β-es-
tradiol may play an important role in tissue regeneration. The material
osteointegration and/or degradation rate should ideally match the bone

formation rate. Therefore, the preparation of two BMP-2-β-estradiol
PLGA-alginate systems, a solid sponge and a hydrogel, with the same
composition, were suitable to test our hypothesis. Both systems ex-
hibited high porosity and great water uptake capacity, these char-
acteristics facilitate the free diffusion of oxygen and nutrients including
endogenous growth factors and other cytokines providing an optimum
environment for bone tissue ingrowth. Furthermore, the release profiles
of both drugs from the two systems were similar as the release rate was
controlled by the microspheres. In comparison with the sponge, the
hydrogel had better characteristics for minimally invasive administra-
tion. Immediately after the addition of a small amount of cross-linker,
the alginate solution increases its viscosity forming a dense polymer
network with thixotropic behaviour, especially at 20 °C. Therefore, the
viscosity of the material decreases when subjected to a certain me-
chanical stress, and gradually recovers at rest. This behaviour allows for
the injection of highly viscous materials, even at room temperatures,
and facilitate their adaptation to the target site. The incorporation of
microspheres to the hydrogel increased the viscosity by 10 times while
maintaining its thixotropic behaviour. To ensure formulations remain
at the defect for a sufficient time, both hydrogel and sponge were
placed between two electrospun polymer sheets loaded with β-estradiol
forming a sandwich system. Despite of this, the hydrogel mass loss was
greater than that of the sponge, hence its defect permanence time
would be shorter. This characteristic probably prevents the hydrogel
formulation from remaining long enough on the defect to guide tissue
growth as reflected by the in vivo repair results.

Although the hydrogel formulation has the advantage of being ea-
sily injectable, sponges were also flexible and adapted perfectly to the
defect edge. The histological analysis clearly showed the efficiency of
the sponge system to promote bone regeneration with approximately
75% of defect regeneration against the approximately 50% reached for
the hydrogel. In addition, the architecture of the repaired tissue was
different, the newly formed tissue in the defects treated with the hy-
drogel presented a more disorganized structure with large hollow
spaces, probably due to the rapid and large hydrogel mass loss observed
in vitro. Additionally, a greater presence of adipose tissue, typical of
osteoporosis, was found, evidencing a lower quality of the repaired
tissue in this group. On the other hand, the implantation of sponges led
to a more compact tissue, with a lower presence of connective tissue,
probably as a consequence of the higher percentage of regeneration
achieved, as this tissue plays an important role guiding and regulating
the repair process at the initial steps of bone formation [34,35].

As we already reported, hydrogels of variable composition loaded
with BMP-2 and β-estradiol within microsphere showed similar bone
regeneration rate on calvarial defects in OP and non-OP rats. However,
the mineralization process was tremendously reduced in OP rats
[17,18]. For this reason, two new strategies were incorporated in the
present work: the addition of MSCs and the microspheres composition
modification to reduce the BMP-2 release rate. The use of polymers
characterized by a relatively slow degradation rate and the incorpora-
tion of alginate in the internal aqueous phase of the microspheres was
reflected in an extension of the BMP-2 release time. After 6 weeks ap-
proximately 46% of the BMP-2 dose was released in vivo. For β-estra-
diol, the unavailability of the radiotracer labelled molecule (that allows
one to monitor the in vivo release kinetics) together with its low aqu-
eous solubility makes difficult to predict its release profile from the
implanted system. However, it is reasonable to expect the in vivo

Fig. 6. Histological evaluation of the implanted systems, alginate solid sponge (SS) or in situ alginate cross-linked hydrogel (HY), containing BMP-2 and β-estradiol
(BMPβe) with and without mesenchymal stem cells (MSCs) in a calvarial defect of OP rats. (a, b) macroscopic images of the defect area (dashed line) showing the
extent and appearance of the repaired tissue; (c–f) microscopic images in horizontal section showing the repaired tissue (newly formed bone), as well as the presence
of connective and adipose tissue in the defect area; (g, h) details at higher magnification showing the morphological characteristics of the repaired tissue with both
implanted systems; (i) detail in the group HY-BMPβe showing rests of the alginate hydrogel surrounded by newly formed bone in the defect area. AdT: adipose tissue;
BLT: bone like tissue; CT: connective tissue; DS: defect site; HT: hyaline tissue; M: Material; NB. New bone; sps: spaces. Scale bars = a–f: 2 mm; g: 250 μm; h: 500 μm;
i: 350 μm.

Fig. 7. Histomorphometrical evaluation of the implanted systems: (a) Degree of
bone repair (%); (b) the ratio of mature bone/immature bone (MB/IB) esti-
mated using VOF staining and (c) the ratios of adipose or connective tissue/
bone (T/B) in the different experimental groups. Bars represent means ± SD
(n= 3), p < 0.05. The identical letter on different bars indicates significant
differences.
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release rate to be similar or even higher to that observed in vitro in
DMSO or SLS solutions due to the continuous blood flow, which will
increase as new tissue refills the defect. In any case, probably a very
slow in vivo release would take place, which would be supplemented by
the rapid release of the drug incorporated in the electrospun polymer
sheets due to the large specific surface area of the fibers.

Unfortunately, none of the tools applied accelerated the miner-
alization of the formed bone. No differences were observed in the mi-
neralization degree with either of the scaffolds with or without MSCs.
The addition of MSCs to the systems pre-loaded with BMP-2 did not
improve neither the regeneration rate nor the mineralization of the new
bone tissue. The osteogenic effect of MSCs and BMP-2 is widely docu-
mented in the literature in different animal models. Furthermore, the
synergistic effect of the combination of these two elements has been
demonstrated in a calvarial defect [36–45] which is the animal model
used in this study. The different animal models, composition and ar-
chitecture of scaffolds, and the BMP-2 doses used by some authors to-
gether with the lack of literature (PubMed database) referred to the
MSCs and BMP-2 combination efficacy for bone regeneration in osteo-
porosis, hinders direct comparison of our data with previous works. To
the best of our knowledge, this is the first time that the combination of
BMP-2 and osteoporotic MSCs has been assayed in an osteoporotic rat
critical defect. The molecular alterations of osteoporotic MSCs are re-
flected on a proliferative capacity decrease [46], production of type I
collagen-deficient matrix and a tendency to adipogenic differentiation
[47] leading to significant deficiencies in self-repair and an impaired
differentiation. Despite of this, the in vitro osteogenic response of os-
teoporotic MSCs after BMP-2 stimulation has been described [48].
Therefore, future studies are required to optimize the MSCs loading and
their combination with BMP-2 to reduce the protein dose while main-
taining the regenerative capacity of the system and improving the mi-
neralization of the newly formed tissue.

5. Conclusion

In this work, two physically different PLGA-alginate scaffolds, SS
and HY, have been successfully elaborated presenting the same BMP-2
and β-estradiol release rate. Both systems promoted bone regeneration
in a critical size calvarial defect in OP rats, although SS showed a sig-
nificantly higher percentage of bone formation. Moreover, SS promoted
the formation of bone with better quality, in terms of lower proportion
of adipose and connective tissue. Since the active substances release
rate was similar, this difference in bone regeneration can be related to
the shorter permanence time of HY in the defect and highlights the
importance of the scaffold's physical configuration to optimize the ef-
fect of the sustained delivery of active molecules. Finally, the in-
corporation of osteoporotic MSCs in the scaffolds did not improve the
bone regeneration process in any case.
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